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Geology

Paleomagnetic and Structural Analysis of the Wallowa Terrane, Northeastern
Oregon and West-Central Idaho: A Réévaluation of the Salmon River Suture

Directors: Steven D. Sheriff and James W. Sears

Paleomagnetic evidence indicates that many Cordilleran terranes have
experienced significant clockwise rotation since the Cretaceous. The rotation
is often coupled with major dextral faults and evidence of coeval northward
translation. Beck (1976, 1980) proposed a "ball-bearing model" to explain this
data trend, whereby terranes are rolled northward along the North American
cratonic m argin after docking due to oblique subduction of the Farallon plate.
The Wallowa terrane of northeastern Oregon and west-central Idaho
provides an intriguing example of the allochthonous terranes which sutured
onto the North American craton at this time. It experienced 60° of clockwise
rotation since the m iddle Cretaceous and exhibits a well-exposed suture zone
against rocks of continental affinity along the Salmon River Canyon.
However, because the terrane accreted in the restrictive Columbia
embayment and shear sense on the suture has been unresolved, its tectonic
history is unclear.
In order to test the ball-bearing model, paleomagnetic and structural
examinations of the Salmon River suture zone (SRSZ) were conducted to
determine whether strain evidence indicates transcurrent motion along the
fault plane, and if so, whether it was dextral or sinistral. Results indicate that
the SRSZ was indeed a left-lateral strike-slip fault at one point.
Paleomagnetic site means from the SRSZ locality near Slate Creek show
pronounced streaking relative to an undeformed sampling locality on the
Imnaha River (well outboard of the suture zone). The plane of streaking
coincides with the strike of the foliation plane and suggests shear strain in
that plane. East-west macroscopic fold axes measured in the Salmon River
Canyon and the Seven Devils Mountains indicate large-scale left-lateral shear
strain along the SRSZ. These results reveal that the Wallowa terrane did not
undergo significant northward translation and associated dextral shearing
after suturing. Such behavior appears anomalous among the Cordilleran
terranes, and might be a result of this terrane s early entrapm ent in the
Columbia embayment.
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INTRODUCTION
The Wallowa terrane is one of four allochthonous tectonic blocks of
island arc origin in northeastern Oregon and west-central Idaho collectively
term ed the Blue Mountains super-terrane (Vallier, 1977; Brooks and Vallier,
1978).

After colliding with the North American craton in the Cretaceous

(Sutter, et al., 1984; Lund and Snee, 1988, Snee, et al., 1995), this super-terrane
came to rest in a regional embayment in the continental m argin (Wernicke
and Klepacki, 1988). This embayment is expressed by a eastward bow in the
0.706 S r ^ /S r ^ initial isotope ratio isopleth (Armstrong et al., 1977; Fleck and
Criss, 1985; Criss and Fleck, 1987) and a gap in the cratonic miogeocline, and as
yet has not been adequately explained. The highly metamorphosed Salmon
River Suture Zone (SRSZ) (Lund and Snee, 1988), which marks the contact
between the Wallowa terrane and rocks of North American affinity, is
coincident with this embayment (fig. 1). Exposures along the SRSZ provide a
unique opportunity to explore suturing dynamics of a Cordilleran terrane
against this anomaly in the continental margin.
Though there are many inconclusive or conflicting interpretations of
the kinematic history of this zone (Hyndman and Talbot, 1976; Onasch, 1977;
Hillhouse, et al., 1982; Lund, 1984, 1995; Wernicke and Klepacki, 1988; Aliberti
and Manduca, 1988; Strayer et al., 1989; Snee et al., 1995) it is widely accepted
that early m otion on the suture zone was strike-slip. Despite the fact that
structural evidence such as mineral lineations indicate near-vertical motion

Idaho

W ashington /

W A LLO m
TERRANE

à
California
N evada

100

200

300

400

500 kilometers

_ _ j_________!_______ !________ I-------------- 1

Figure 1. Generalized geologic map of the miogeoclinal embayment in the northwestern
United States (after King, 1977). Structural trends (lines) and plutons (hatchures)
depicted on basement rocks. 0.70^Sr/“ Sr isopleth shown in red, and the 0.706
^S r^S r line shown in orange (from Armstrong et al.,1977; Fleck and Criss, 1985).

in suture-zone rocks (Hamilton, 1963; Lund, 1984; 1985; Strayer, 1989), several
factors give strong reason to believe a significant component of the early
suturing motion was strike-slip. The first factor is the steep nature of the
SRSZ, as evinced by lithologie contacts (Hamilton, 1963; Vallier, 1977), closely
spaced S r^ /S r^ isotope isopleths (Armstrong et al., 1977; Fleck and Criss, 1985)
and sharp gravity (Bankey, 1984; Mohl and Thiessen, 1985) and magnetic
anomaly boundaries which coincide with the isotope gradient (Zietz et al.,
1978; McCafferty, 1992). The second is the fact that the terrane has experienced
approximately 65° of clockwise rotation since the middle Cretaceous based on
paleomagnetic studies (Wilson and Cox, 1980; Hillhouse, et al., 1982; Harbert et
al., 1995). Finally, the Farallon plate which carried the terrane to its docking
position was moving in oblique convergence toward the North American
continental m argin with a strong northw ard component in the late Cretaceous
(Engebretson, 1985; Debiche et al., 1987). Oblique convergence has been shown
at more than one subduction zone to create transform faults at plate
boundaries (Fitch, 1972; Beck, 1983).
Many Cordilleran terranes exhibit paleomagnetic declinations
significantly east of the expected Cretaceous or Tertiary paleopole and flattened
inclinations, suggesting clockwise rotation and northw ard translation (Beck,
1976). Beck (1976, 1980) invokes a "ball-bearing style" tectonics model to
explain this phenomenon, citing oblique plate convergence as the driving
force behind both the clockwise rotation and northw ard translation of the

terranes. Many of these terranes are bound by dextral strike-slip faults, due to
the northw ard shearing. However, given varying degrees of rotation relative
to northw ard translation, both dextral and sinistral strike-slip faults between
terrane and craton are possible within the constraints of Beck's (1976) model.
If translation is greater than rotation, a dextral fault emerges. If rotation is
greater, a sinistral fault is created (fig. 2). In terms of the scenario's geometry, it
is also possible that if rotation and translation had precisely and consistently
complementary rates, the terrane could roll smoothly ("constant skid") along
the margin. This last possibility is statistically unlikely however, especially
given the frictional forces acting on the actual plates. Determination of the
veracity and direction of transcurrent shear at the suture zone would greatly
clarify the nature of the Wallowa terrane s accretionary dynamics and the role
of the mysterious miogeocline gap and the embayment of the S r ^ / Sr^ isotope
line.
To determine whether post-accretionary transcurrent motion is
recorded in suture zone rocks of the Wallowa terrane, I collected
paleomagnetic samples and fold data at several locations. Based on
experimental simulations (Borradaile and Mothersill, 1989, 1991; Kodama and
Goldstein, 1991; Borradaile, 1993a, 1993b), one expects magnetic vectors to
rotate approximately as passive lines within strained rocks bearing
ferrimagnetic minerals. Because of this property, paleomagnetic characteristic
rem anent m agnetizations (ChRMs) have been used successfully to measure
4
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Figure 2a. Clockwise rotation and significant northward translation of terrane s
rotational axis ( X ), resulting in dextral shear at terrane margin. Red arrows
indicate shear sense; 1 describes initial position after suturing, 2 describes
final position [after Beck, 1976]. □
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Figure 2b. Clockwise rotation of terrane with little or no translation of rotational
axis, resulting in sinistral shear at terrane margin (red arrows indicate
shear sense).

strain in situations where traditional structural strain indicators are absent or
obscured. If the SRSZ was a strike-slip boundary, magnetic remanence
directions of suture zone rocks would be rotated toward boundary-parallel by
the strain (counter-clockwise by a left-lateral fault, or clockwise by a rightlateral fault).
In order to test for strain in rocks near the SRSZ, I collected
paleomagnetic cores from volcanic and volcanoclastic rocks at two localities,
one in the relatively undisturbed central terrane (Locality 1) and the other just
west of the suture zone (Locality 2) (fig. 3). I also collected structural data
documenting mesoscopic and macroscopic folds and foliation in outcrops of
similarly aged rocks at several sites along the SRSZ. Results indicate that leftlateral strike-slip movement did occur along the suture zone.

GEOLOGIC BACKGROUND
The kinematic history of the suture zone has been a topic of hot debate
since its initial description. Hamilton (1976), Hyndm an and Talbot (1976),
Onasch (1977), Davis et al. (1978) interpret the mechanism to be simple
subduction or tectonic wedging. Hillhouse et al. (1982) propose left-lateral
shear along the northern portion of the embayment boundary and subduction
along the southeast portion. Investigation of mylonite lineations in the
deformed Kamiah pluton (northeast com er of embayment) show that
movement on the suture was moderately dipping "reverse-slip, top
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Figure 3. Geologic map of the Wallowa terrane and associated intrusives, northeastern
Oregon and western Idaho with sampling localities. Modified from WaDtcr, 1977;
Bond, 1978; and Weiss et aL, 1976.

[continent]-to-the-southwest" (Strayer et al., 1989). Wernicke and Klepacki
(1988) and Selverstone et al. (1992) suggest collision, subduction and tectonic
escape to the north. Aliberti and Wernicke (1988) interpreted the movement
of the Wallowa terrane against the craton to be east-southeast [left-lateral]
based on strain studies of volcanic breccias. Finally, Lund (1984) and Lund and
Snee (1988) interpret the motion to be "convergent right-lateral transcurrent"
based on S, LS, and L tectonite fabrics on the continental side of the suture.
Much of their reasoning for the dextral component of the shear is based on
indirect evidence (oblique plate convergence and a preponderance of rightlateral transcurrent faults bounding Cordilleran terranes). Snee et al. (1995)
suggest right-lateral transpression from 130-100 Ma, followed by a change in
slip-sense to vertical (east block upwards) from 95-85 Ma.
In addition, there is evidence that the Wallowa terrane has undergone
significant clockwise rotation based on three independent paleomagnetic
studies. Wilson and Cox (1980) measured directions of six upper Jurassic to
lower Cretaceous (160-125 Ma) plutonic units in the Wallowa terrane welloutboard of the suture zone. Comparison of these site means with the
expected paleopole resulted in the interpretation of a post-middle Cretaceous
65° clockwise rotation about a nearby vertical axis. While 18 of 27 sites in the
study were not internally consistent and were discarded, the remaining sites
clustered with a relatively high precision (095= 10 °).

A study carried out on upper Triassic volcanic and volcanoclastic strata
of the Wild Sheep Creek formation (Wallowa terrane) and Huntington
formation (Olds Ferry terrane) in Hells Canyon and along the Imnaha River
(Hillhouse et al., 1982) records two episodes of magnetization. The first
direction is characterized by samples with high blocking temperatures, high
median destructive fields (the median destructive field, a term referring to AF
demagnetization, is defined as the peak alternating field required to reduce the
NRM to one half its original m agnitude Q/Jo = 50%]), and a brief thermal
demagnetization curve at high temperatures. The sites yielded northeasterly
declinations and low positive inclinations and passed the fold test. This
direction was interpreted as a Late Triassic NRM pre-dating Late Jurassic
deformational events, and constrained the terrane's origins to 18° from the
paleoequator. The second component of magnetization is characterized by low
blocking temperatures, low median destructive fields, and broad thermal
demagnetization curves beginning at low temperatures (i.e. 200-300 C). Site
means from this group failed the fold test and are consistent with those of the
Wilson and Cox study. This was interpreted as a Cretaceous thermal
overprint caused by the igneous activity Wilson and Cox (1980) studied. In
addition to confirming the initial estimate of rotation, the structural control
provided by the study's sedimentary and volcanic flow rocks added confidence
to the vertical axis hypothesis.

Permian volcanoclastic strata in Hells Canyon yielded three major
directional groups, one interpreted as a Permian characteristic remanent
magnetism (ChRM) and two others grouped tentatively as Cretaceous
magnetic overprints (Harbert et al., 1995). The samples yielding Permian
directions had consistently negative polarities, thus constraining the terrane's
Permian origin to the northern hemisphere. The mean directions of sites
exhibiting Cretaceous overprints matched rotated declinations observed by
Wilson and Cox (1980) and Hillhouse et al. (1982).
Some of the m easured rotation may have been pre-accretionary, but
some factors suggest a syn-accretionary or post-accretionary component: (1)
Rotation occurred after a thermally-induced Cretaceous magnetic overprint
was experienced by many terrane rocks (Hillhouse, et al., 1982). This overprint
was caused by proximal intrusive activity, and A r^ / Ar

dating has linked this

magmatism to the suturing process (130-90 Ma) (Snee et al., 1995); (2) The
regional-scale bedding strikes of the terrane s strata are distinctly arcuate. The
Upper Triassic Martin Bridge Formation shows this particularly well, in which
east-west oriented strikes in the eastern-most Pendleton iniier curve to lie
northeast-southw est near the suture zone itself (Seven Devils Mountains,
Salmon River) (Vallier, 1974,1977; Hamilton, 1963) (fig. 1); (3) Significant
Tertiary rotation of tectonic blocks in western Oregon, California, and
Washington can be explained by Basin and Range style intra-continental
extension (Wells and Heller, 1988). Asymmetric, post-50 Ma extension with a
10

pivot in the Idaho batholith region could have been responsible for some
rotation of the Blue Mountains block (Wells and Heller, 1988). Note that only
about 15° of rotation is recorded in the 50 m.y. old Clamo formation of
northeastern Oregon though (Hillhouse et al., 1982), and thus most of the
m otion is pre-Eocene.
While simple rotation would create sinistral strike-slip movement on
the suture zone, the tectonic history of many Cordilleran terranes appears
more complex. During the late Cretaceous, the Farallon plate converged upon
the N orth American plate in oblique subduction with a significant rightlateral component (Engebretson, 1985; Debiche et al., 1987). Beck (1976, 1980,
1983) suggests that these plate velocity vectors, taken in conjunction with the
body of paleomagnetic data for regional exotic terranes, is best explained by
ball-bearing style rotation of terranes at the plate boundary. Given this
tectonic regime, in addition to rotation, one would expect dextral shear at plate
boundaries where rotating terranes were simultaneously subjected to
northw ard coastal translation (Beck, 1976; 1980). This appears to be the case in
the western Cordillera where many major Cretaceous transcurrent faults are
right-lateral (e.g. Straight Creek, proto-San Andreas faults) (Beck, 1976;
Engebretson, 1984). In western British Columbia, margin-parallel dextral
faults are responsible for thinning and elongating exotic terranes up to a
thousand kilometers or more (Monger and Price, 1979). Therefore, if the

11

Wallowa terrane experienced significant northw ard translation, one would
expect the SRSZ to accommodate and display significant dextral shear.

Structure
Structural evidence collected across the Wallowa terrane does not
record any penetrative deformation due to Cretaceous accretionary tectonics
beyond 10-15 km of the suture zone itself (Avé Lallemant, 1983, 1995; Avé
Lallemant et al., 1985). A comprehensive structural survey conducted by Avé
Lallemant (1995) from Hells Canyon to the Pendleton Iniier (fig. 3) details four
deformations (D1-D4) which are in evidence in the rocks of the Wallowa
terrane. The oldest (Di) is observed only in the Permian basement complex
exposed in Hells Canyon at Pittsburg Landing. The next penetrative
deformation (D2) took place in the Late Jurassic (pre-dating the Wallowa
batholith), and is characterized by northwest-verging thrust faults at Pittsburg
Landing (Vallier, 1974) and penetrative mesoscopic folding throughout much
of the terrane. The D 3 deformation, also older than the intrusive events,
created only minor strain (small folds, kink folds, and crenulations), typically
striking virtually perpendicular to D 2 orientations. Strikes of foliations and
fold axes caused by the D 2 and D 3 events suggest that they represent strain
caused by oblique accretion of the terranes within the Blue Mountains superterrane. Finally, Avé Lallemant (1995) observed a fourth deformation event
(D4), only in the Pendleton area, which is not considered regionally important.
12

He did not attribute any of these deformations to the Cretaceous continental
accretion event.
The Salmon River area, in contrast, shows multiple stages of
metamorphism and structural deformation (Hamilton, 1963, 1978; Lund, 1984,
1985, 1995). In the vicinity of Slate and John Day Creeks (fig. 5), Lund (1995)
identified three major imbricated tectonic blocks separated by west-verging
and northwest-verging thrust faults and exhibiting an inverted metamorphic
grade (with grade increasing to the east, toward the suture). Structural grade
also increases eastward, with up to three generations of folds deforming the
bedding-parallel Si foliation. Most of these features, including the
macroscopic Slate Creek anticline, plunge shallowly northeast. She interpreted
these late-stage structures to consistently indicate rotation to the west about
sub-horizontal axes, suggesting top-to-the-west movement. Rocks in the
SRSZ record significant near-vertical pure shear, as if they were expelled
upward, out of the suture (Lund, 1995). This motion mimics that of late-stage
thrust faults on either side of the zone (Snee et al., 1995).

M etam orphism
Aside from localized contact metamorphism near Jurassic and
Cretaceous plutons within the terrane, most significant metamorphism in the
terrane is associated w ith the suture zone. Five major dynamothermal events
occurred during the Cretaceous in the region of the suture zone based on
13

A r^ /A r^ cooling histories (Snee et al., 1995). These events occurred at 130 Ma
(near Orofino), 118 Ma (near Slate Creek), 109 Ma, and 101 Ma. Finally, at 93-90
Ma, tonalitic plutons were emplaced in the suture zone, marking the end of
suturing and the start of the Idaho Batholith magmatism. After 90 Ma, rapid
uplift and cooling of cratonic rocks along normal faults in the suture zone
occurred, decreasing after 80 Ma and ceasing after 75 Ma. While temperatures
rose to at least 600°C during several of these episodes, mineral assemblages
from outcrops near the Salmon River indicate only greenschist facies
metamorphism (Snee et al., 1995). Because metamorphism was moderate in
the region of the suture zone in which I sampled, ferrimagnetic mineral
assemblages were probably not lost due to metasomatism.

Although complicated, early motion on the suture zone was probably
strike-slip, but its sense remains unclear. The ball bearing style tectonics
model (Beck, 1976), which accounts for both plate convergence vectors and
paleomagnetic estimates of rotation, can accommodate either dextral of
sinistral transcurrent m otion of exotic terranes along the Salmon River
Suture Zone. Because rocks of the Wallowa terrane more than 15 km
outboard of the SRSZ are undeform ed by the strain or metamorphism due to
accretion, it is possible to make a comparison of paleomagnetic directions from
both unstrained and strained (suture zone) rocks to test for remanence
directions rotated or streaked by shear motion.
14

METHODS
Field

The natural rem anent m agnetization (NRM) vectors carried by
ferrimagnetic minerals have been successfully used to measure strain
orientation and m agnitude in a wide variety of geologic situations, from quite
weak depositional fabrics to intense orogenic tectonism (Kligfield et al., 1981;
Cogne and Perroud, 1985; Hirt, 1986; Li et al., 1988; Craddock and van der
Pluijm, 1989; Stamatokos and Kodama, 1991; Sun et al., 1993; H rouda and
Potfaj, 1993; Housen et al., 1993; Richter et al., 1993). Such strain measurement
is especially favored where other types of strain indicators are absent. The
relationship between strain and rotation of magnetic remanence based on
laboratory modeling techniques generally follows passive line behavior for
geologically realistic strains, and thus is dependent upon the ratio of the
principal strain ellipse axes (Borradaile and Mothersill, 1989, 1991; Kodama
and Goldstein, 1991; Borradaile, 1993a, 1993b).
Work on anisotropy of magnetic susceptibility (AMS) in mylonite zones
has shown that, where magnetism is carried by non-equant magnetite, the
maximum susceptibility axis roughly parallels the principle strain axis
(Goldstein and Brown, 1988; Ruf et al., 1988). Magnetic directions are deflected
by the shape anisotropy caused by strain. Assuming that subsequent
deformation does not completely eradicate the initial fabric, remagnetization
15

should record the rotated vector. Given a simple clockwise rotation after
suturing (and the resulting left lateral fault), the paleomagnetic vectors in
rocks on the terrane wall of the fault would assume a direction smeared
counterclockwise from their original orientation (i.e. to the north). If rotation
was compounded by northw ard translation of the terrane after accretion, shear
w ould be right-lateral, and vectors would be realigned clockwise (i.e. to the
south).
Paleomagnetic samples were collected using standard techniques
(Butler, 1992) at two localities (fig. 3). One locality was drilled in the
undeform ed Triassic volcanic and volcanoclastic strata of the Wild Sheep
Creek Formation along the Imnaha River, and the other in a long exposure of
well-foliated upper Perm ian-upper Triassic Seven Devils Group along the
Salmon River. The geographic location, lithology, and structural attitude of
these sampling sites is detailed in Table 1.

Locality 1: Imnaha River

The Wild Sheep Creek Formation along the Imnaha River was targeted
as the control group due to previous workers' success at obtaining clear
Cretaceous overprint directions (Hillhouse, et al., 1982).The first locality is
along approximately three miles of the Imnaha River road from Indian
Crossing campground to Forest Service road 3925 (fig. 4). I collected a larger
site population (N=15) at this locality for increased statistical accuracy.
16

TABLE 1. Paleomagnetic sampling site information.
Site

Latitude

Longitude

Description

Strike

Dip

Imnaha River Locality, W ild Sheep Creek Formation
1
2

3
4
5
6

7
8

9
10
11
12

13
14
15

45° 06' 23"
45° 06' 23"
45° 06' 21"
45° 06' 21"
45° 06' 20"
45° 06' 21"
45° 06' 21"
45° 06' 22"
45° 06' 22"
45° 06' 19"
45° 06' 19"
45° 06' 19"
45° 06' 19'
45° 06' 38"
45° 06' 23"

-116° 56' 31"
-116° 56' 31"
-116° 56' 08"
-116° 55' 49"
-116° 55' 47"
-116° 56' 35"
-116° 56' 35"
-116° 57' 48"
-116° 57' 48"
-116° 55' 48"
-116° 55' 50"
-116° 55' 51"
-116° 55' 52"
-116° 59' 03"
-116° 56' 33"

m etabasalt
m etabasalt
metabasalt
metabasalt
metabasalt
metabasalt
metabasalt
metabasalt
metabasalt
volcanic breccia
metabasalt
metabasalt
metabasalt
spilitic dike
metabasalt

305
312
307
307
315
308
304
309
004
306
301
295
324
160
306

24 NE
20 NE
26 NE
26 NE
31 NE
26 NE
19 NE
38 NW
32 NE
24 NE
18 NE
20 NE
22 NE
82 SW
24 NE

359
355
316
320
328
330
337
337
335
335
335
335
335
330
330

44 NE
44 NE
51 NE
45 NE
40 NE
45 NE
50 NE
50 NE
50 NE
50 NE
50 NE
45 NE
45 NE
40 NE
40 NE

Slate Creek Locality, Seven Devils Group

16
17
18
19
20
21
22

23
24
25
26
27
28
29
30

45° 38' 03"
45° 38' 02"
45° 37' 39"
45° 38' 00"
45° 37' 33"
45° 37' 28"
45° 37' 24"
45° 37' 25"
45° 37' 16"
45° 37' 15"
45° 37' 14"
45° 37' 13"
45° 37' 12"
45° 37' 11"
45° 37' 10"

chl.-epid. schist

-116° 16' 51"
-116° 16' 52"
-116° 17' 03"
-116° 17' 05"
-116° 17' 08"
-116° 17' 19"
-116° 17' 35"
-116° 17' 53"
-116° 17' 54"
-116° 17' 48"
-116° 17' 42"
-116° 17' 36"
-116° 17' 35"
-116° 17' 25"
-116° 17' 19"

Latitude, degrees north, longitude degrees east; strike and dip corrected for local magnetic pole
declination; Slate Creek structural attitudes approximate.
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Paleom agnetic Sam pling Localities
45°10’00"-

BAKER

45°04'00"

NA,-nONAL

117°00'00"

117°20’00"

Figure 4. Imnaha River Sampling Locality (Locality 1) with locations of sites 1-15.
From the USGS Riggins Idaho-Oregon 30x60 minute topographic
quadrangle (1987).

SCALE: 1:100,000 (one centimeter on map = one kilometer on ground)

Locality 2: Slate Creek

The second locality was about 1/4 mile south of the mouth of Slate
Creek on the Salmon River, around the nose of Blackhawk Bar (fig. 5).
Sampling near the SRSZ required more care. Because intense strain and high
grade metamorphism (amphibolite facies rocks bearing garnet and sillimanite
[Snee and Lund, 1988]) occurred within 6 km of the suture zone, the record of
previous structures and ChRM would probably be completely erased there. To
ameliorate this problem, I sampled primarily along the Salmon River Canyon
(about 16 km west of the Sr^^/Sr^ discontinuity) where rocks of the Wallowa
terrane are highly strained but have only experienced greenschist grade
metamorphism (Hamilton, 1963; Lund, 1984).
It was not possible to assure that the rocks I sampled rocks at Locality 2
were of Triassic age, as metamorphism precludes differentiation of the Seven
Devils Group stratigraphy in the area. However, a proximal pluton dates the
southern end of the outcrop at Early Permian (Walker, 1986), and gradational
contacts to calcareous schists and marble lenses northw ard to the mouth of
Slate Creek are interpreted as the Doyle Creek to Martin Bridge limestone
transition (Lund, 1995). Thus the outcrop spans the entire sequence of the
Seven Devils Group, from Early Permian through Upper Triassic strata.
Though the Permian formations are less rich in volcanic strata, they have
been used successfully to isolate NRM and were also shown to possess the
Cretaceous overprint in Hells Canyon (Harbert et al., 1995). Thus, though there
19

Paleom agnetic Sam pling Localities

45°07’30"

Figure 5. Slate Creek Sampling Locality (Locality 2) with locations of sites 1-15.
From the USGS Grangeville Idaho-Oregon-Wasliington 30x60 minute
topographic quadrangle (1980).

SCALE: 1:100,000 (one centimeter on map = one kilometer on ground)

is some degree of uncertainty at Locality 2 regarding stratigraphy, it has been
positively correlated w ith the Seven Devils Group, which provides an
adequately constrained analog (in time and lithology) to the Triassic Wild
Sheep Creek Formation sampled at Locality 1.

Each locality consisted of fifteen to sixteen sites to obtain
adequate estimates of angular standard deviation (Butler, 1992). Sites'
locations were selected to utilize the freshest outcrops and to sample
several flow events/ sedimentary strata in order to adequately average
secular variation. When fresh outcrops were unavailable or bedding
markers were obfuscated by metamorphism, inter-site spacing spanned
several hundred meters of stratigraphy as a proxy for time (^ 10^ years).
The absence of bedding markers made stratigraphie spacing and
structural control difficult at times, and original bedding orientations
in such instances were estimated from mineralogical and color
banding. In spite of these difficulties, strike and dip of local bedding
were recorded for stratigraphie correction and application of the fold
test at most sites. Within each site, a mean of six core samples were
drilled, and each core contained one to two 10 cm^ specimens (from
innerm ost out; specimens A-B). Cores were drilled using standard
procedures with a portable gas-powered drill in a variety of
orientations, and the azimuth and hade of each were recorded by both
21

magnetic and sun compasses where possible (75% of samples had solar
orientations).

Structural data were collected in the field in three localities: (1)
along the Slate Creek road, near Slate Creek, Idaho; (2) at outcrops of
Martin Bridge Limestone and Lucile Slate formations along the
Salmon River; and (3) along the Seven Devils Road in the Seven
Devils Mountains (fig. 3).
At each locality, bedding (So), fold limbs, fold axes (F1-F2), axial
planar cleavage (Si), joints, and lineations were recorded from
mesoscopic structures at a num ber of individual sites. These
measurements were confined to the Martin Bridge Limestone, Lucile
Slate, and Seven Devils Group strata.

Laboratory
Paleomagnetic cores were treated to step-wise thermal and
alternating field (AF) demagnetization ("cleaning") methods to isolate
characteristic rem anent magnetizations. Thermal dem agnetization
was accomplished by heating specimens in a low-field (approximately 6
nT) oven for 20 minutes at a selected peak temperature, with
subsequent cooling in low-field space. AF demagnetization was done
using a Molspin tumbling apparatus. Demagnetization steps were
22

calibrated to remove no more than 5-10% of the total magnetization (J)
at each step, and samples were demagnetized to J/Jo^ 15% wherever
possible. Magnetic vectors were measured using a Schonstedt SSM-2A
spinner magnetometer. Core position relative to detectors and num ber
of averages taken during m easurement varied according to the
strength of each specimen's magnetization. Cores were placed in lowfield space while awaiting measurement.
Because samples from the Slate Creek Locality consistently had
initial magnetizations <1x10'^am pere/m eter (A/m ), the resolution of
the Schonstedt spinner m agnetometer was insufficient to resolve the
magnetic vectors (due to low signal-to-noise ratio). To circumvent this
dilemma, I m easured these samples using John Geissman's 2-G
cryogenic magnetometer at the University of New Mexico,
Albuquerque. These cores were all demagnetized using step-wise AF
methods alone. To better estimate vector results for weak samples (Jog
1 .5 x 1 0 -4

A /m ), an "inverted mode" was employed, in which samples

were measured in forward and reverse orientations and the results
averaged.
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Results
Paleomagnetic results
Locality 1: Imnaha River

The rocks sampled at the Imnaha River locality (fig. 5) were
collected from the undeform ed Triassic Wild Sheep Creek Formation.
Step-wise demagnetization on core samples from this locality yielded
two major families of magnetic directions. These directional groups
are defined by (a) orientation of the vectors in geographic coordinates,
(b) m edian destructive field (MDF), and (c) unblocking temperature
(Tb) curves.
Three samples out of a total of 62 samples (5%) from the Imnaha
River locality were discarded based on arbitrarily determined
parameters. These param eters include markedly non-linear decay to
the origin on Zijderveld, or "orthogonal endpoint," diagrams
(Zijderveld, 1967) and outlier status (those lying beyond a radius of
twice the angular standard deviation from the site mean). At the site
level, four out of fifteen sites collected (27% of total) were eliminated
from further consideration. These included sites in which excessively
high intra-site directional scatter caused a9s>15°. The remaining
eleven sites from the Imnaha River locality possess fairly encouraging
24

Fisher statistical param eters (Fisher,
estimate of precision
were all under

12°

(k )

1 9 5 3 ).

ranged from

(Table
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to

Their values for the best
941,

and values for

095

radii

2 ).

The two directional groups observed in Imnaha River data
(Groups 1 and

2)

are distinguished by their respective shallow

northwesterly and steep northeasterly vectors. The first family of
directions (Group 1) are found in only three sites at this locality (1, 3,
and 15). Site 3 was included in Group 1 because of similar
demagnetization attributes and data suggestive of a passage of the
reversal test (fig. 6 ). While the number of samples (N=3) was too small
for a formal reversal test, the site grouping after rotation (095= 15 .6 °) was
much tighter than before rotation (095=80 .7 °), which does provide some
reason for increased optimism in the test result's plausibility. In
addition to these internally consistent sites, a small num ber of
individual samples from sites w ith the second magnetic mean
direction (Group

2)

showed Group 1 directions and demagnetization

characteristics. Group 1 sites are characterized by low positiveinclination northwesterly directions or low negative-inclination
southeasterly directions. In addition, the samples showed high MDFs,
and the majority of the unblocking spectrum confined near 570 °C.
Typically more than one vector component is evident in the decay
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TABLE 2. Site-Mean Paleomagnetic Results from Triassic Wild Sheep Creek Formation
(Imnaha River Locality) and Permian Seven Devils Group (Slate Creek Locality)
Imnaha River Locality
MDF

Tb

1

1

25-100+
mT

—

16

3

10-100

—

-22

15

mT
22.5-60
mT

570 "C

23

300 “C

67
65

Site

5
6

7
8

9
11
12

14

7.5-10 mT
11-65 mT
7.5 mT
6-7.5 mT
7.5-10 mT
7.5-10 mT
7.5-10 mT
7.5-8 mT

—
—
-

300 “C
300 “C
400 “C
400 “C
—

68

69
61
66

64
75

D

Dc

k

Group 1
292
21

300

77

7.0

6 (6 )

111

-27

123

37

11.3

6 (6 )

309

20

319

29

11.6

6 (6 )

Group 2
32
37
33
34
346
40
58
32

41
39
42
31
55
40
39

34
37
35
37
40
39
49
260

638
58
81
265
37
941
79
267

2.4
9.1
8.9
3.8

6 (6 )

Ic

20

®95

10.2
2.0

9.0
4.9

N(N^)

5(5)
4(6)
6 (6 )
6 (6 )
6 (6 )
4(5)
4(4)

Slate Creek Locality
Site

MDF

17

40-100 mT

21
22

25 mT
47.5-67.5
mT
25 mT
20-35.9 mT
12.5-45 mT
15-35 mT
30-45 mT
20-50 mT

23
24
25
26
27
28

-

-45

D
Ic
Group 1
320
-13

—

61
69

Group 2
27
19
21
40

----—
—
—

58
62
59
64
63
64

Tb

1

351
58

26

10

19
14
18
24

53
73
25

12

Dc

k

CI95

N(N^)

302

28

19

3(6)

44
57

34
172

14
7.6

2 (6 )

31
62
39
60
69
44

46
152
25
118
554

14.2
5.0
15.2
4.5

102

5.0

2 (6 )
6(7)
4(6)
9(10)
8 (8 )
1 0 ( 11)

2.2

3(5)

MDF, median destructive field; Tg, blocking temperature (°C); I, inclination (positive down); D,
declination east of north; 1 ^, Dq structurally corrected inclination and declination; k, best
estimate of precision; 0 , 5 , Fisher 95% confidence radius; N (N^), number of samples included in
average (number collected).
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N
Equal Area

Unrotated. Group 1 site means
before reversal test. Reverse
polarity site is site 3.
N
Equal Area

Rotated. Group 1 site means
after site 3 mean was rotated to
antipodal position. 95%
confidence circle added
(«95=15.6°).

Figure 6 . Paleomagnetic reversal data for Group 1 sites, Imnaha
River Locality.
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patterns, a high-stability (primary) component from which ChRM is
calculated, and a low-stability (secondary) component.
Zijderveld diagrams were used to isolate distinct components of
each samples' vector data. Sample 2A from site 1 provides a
representative example of the group's vector components (fig. 7).
Conducting AF step-wise demagnetization, the first component of
steeper and more easterly direction was evident through 15 mT. After
this, consistent straight line decay to the origin progressed up to 95 mT.
The Zijderveld diagram for sample 3A (site 3) shows a typical decay
pattern from that site (fig. 8 ). Note secondary component with normal
inclination versus the ChRM w ith reversed inclination.
The second family of directions (Group 2) directions, in contrast,
are found at the majority of Imnaha River sites ( 5, 6, 7, 8, 9, 11,12, 14)
w ith steep positive inclinations and northeasterly declinations. Lower
median destructive fields and a broad blocking tem perature spectrum
beginning at relatively low temperatures (i.e. 300 °C) are characteristic
of samples in this directional family (fig. 9). Vector end point diagrams
for samples in group 2 exhibit one to two components, though the
secondary component (where present) is evident only at extremely low
fields (0-5 mT) w ith northeasterly declinations and shallower
inclinations.

28

IN C L O R :

d ec

=

3 0 2 .6

in c

=

2 2 .0

in t

=

2759999,

m ad = 1 . 4

2.000A

/tc

up/N
1.89x10-3

2.95 X lCr3

DECte

tM C te

3530000
3530001
3390000
319 0 0 0 0
370 0 0 0 0
333 0 0 0 0
1 8 00001
1 4 70001
1 1 70000
1 7 .»

IC.I

1 9 .S

Figure 7. Zijderveld diagram of sample 2A from site 1, Imnaha River
Locality. Best-fit line from principle component analysis (including 11
of 14 steps) added. Open circles denote inclinations, closed circles
denote declinations.
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Figure 8 . Zijderveld diagram of sample 3A from site 3, Imnaha River
Locality. Best-fit line from principle component analysis (including 5
of 12 steps) added. Open circles denote inclinations, dosed drdes
denote declinations.
30

Percent Magnetization versus Temperature
100

8

80-

C

O

60-

I
I
c

40-

I

20 -

o

i
Temperature (C°)

Representative sample curves:
- Group 2 (site 8)
! — @— - Group 1 (site 15) I

Figure 9. Unblocking temperature curves for representative
samples from Groups 1 and 2.
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i

I?

Samples representative of this directional group are 4A from site
8 and lA from site 11 (figs. 10 and 11). Note low demagnetization field

strengths, clear linear decay to origin, and weak secondary component.
Curving decay paths during early steps indicate demagnetization
spectra overlap, resulting in an unresolvable secondary component.
This overlap is common in many of the sites.
Application of the classic fold test to group 1 sites yielded a
statistically equivocal result, probably due to a small data set and poor
structural control. However, group 2 sites were clearly better clustered
before structural corrections (095=6 .5 ) than after (095=26 .3 ), thereby
failing the fold test (fig. 12).

Locality 2: Slate Creek

Because samples from the Slate Creek locality (fig. 5) have
dramatically weaker initial intensities, early attempts to isolate ChRMs
using a spinner magnetometer were unsuccessful; however, analysis
using a cryogenic magnetometer yielded quite consistent linear decay to
the origin for most specimens. Of the Slate Creek data set, fourteen out
of 60 samples (23%) and six out of fifteen sites (40%) were discarded
based upon the same arbitrary rejection criteria as employed with the
Im naha River sites.
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Figure 10. Zijderveld diagram of sample 4A from site 8 , Imnaha River
Locality. Best-fit line from principle component analysis (including 7
of 9 steps) added. Open circles denote inclinations, closed circles denote
declinations.
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Figure 11. Zijderveld diagram of sample lA from site 11, Imnaha River
Locality. Best-fit line from principle component analysis (including 6
of 9 steps) added. Open circles denote inclinations, closed circles denote
declinations.
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IMNAHA RIVER - tilt c o r r e c te d
G rou p 1 d ir e c tio n s it e m e a n s

IMNAHA RIVER - n o tilt c o r r e c tio n
G rou p 1 d ir e c tio n s it e m e a n s

Mean: 307, 23
N=3; k= 42; ag 5 = 15.6
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Figure 12. Paleomagnetic site means for Group 1 and 2 directions, Imnaha River
Locality, with and without tilt correction applied. Circles denote 95%
confidence radii; squares denote locality means.
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Sites within the Slate Creek locality éilso contained two distinct
directional groups, though Group 1 is represented only by a single site.
This site (17) was collected from visually similar lithology and from
neighboring outcrops to those with Croup 2 affinity, but demagnetized
under significantly higher fields and yielded consistently northwesterly
directions. Sample 6 A is typical of this site with a long, linear decay
path along the prim ary component in the northwest quadrant, and a
secondary low-stability component of steeper inclination and
northeasterly declination (fig. 13).
The remaining seven internally coherent sites from Slate Creek
exhibit Group 2 characteristics and vector directions. These attributes
include lower MDFs and directions w ith moderately steep inclinations
to the northeast. Table 2 presents a summary of site mean results.
Zijderveld diagrams of samples lA (site 23), 3B (site 26), and 5B (site 28)
show representative principle vector components (fig. 14-16). This
group clusters slightly better before structural corrections are applied
(095= 8 .8 ° versus 9.1° [fig. 17]), though in no way convincingly, especially
given that structural control is dubious due to metamorphism.
Seven sites were discarded from the Slate Creek locality, but the
remaining sites typically have encouraging Fisher statistics.
the best estimate of precision (k) range from 11 to 554, and
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Figure 13. Zijderveld diagram of sample 6 A from site 17, Slate Creek
Locality. Best-fit line from principle component analysis (including
of 13 steps) added. Open circles denote inclinations, closed circles
denote declinations.
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Figure 14. Zijderveld diagram of sample lA from site 23, Slate Creek
Locality. Best-fit line from principle component analysis (including
of 19 steps) added. Open circles denote inclinations, closed circles
denote declinations.
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Figure 15. Zijderveld diagram of sample 3B from site 26, Slate Creek
Locality. Best-fit line from principle component analysis (including 8
of 19 steps) added. Open circles denote inclinations, closed circles
denote declinations.
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Figure 16. Zjderveld diagram of sample 5B from site 28, Slate Creek
Locality. Best-fit line from principle component analysis (including 15
of 18 steps)added. Open circles denote inclinations, closed circles
denote declinations.
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Figure 17. Paleomagnetic site means for Slate Creek Locality,
Group 2 directions, with and w ithout tilt corrections.
Circles denote 95% confidence radii; squares denote
locality means.
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range from 31 to 2.2 (Table 2). Table 3 presents a summary of site mean
and group mean vector results from this and previous studies.

Origins of Remanent Magnetism
At the Imnaha River locality. Group 1 sites probably represent a
prim ary thermal rem anent magnetization (TRM) acquired during
Triassic formation. Samples possess high median destructive fields,
sharp blocking tem perature curves at high temperature, and match the
expected Triassic VGP observed by Hillhouse et al. (1982). The fold test
yields equivocal results, due to low numbers of independent sites and
poor structural control. However, the data suggest that magnetization
was acquired over the span of at least one magnetic reversal which
indicates a longer period of thermal acquisition. Preservation of a
reversal is more likely from the initial cooling of volcanic flows than
from an overprint due to contact metamorphism.
The Group 2 site mean direction 1 interpreted to be magnetic
overprint, probably caused by a TRM acquired during Cretaceous
plutonism in the region. This hypothesis is substantiated by directions
virtually identical to Cretaceous overprint directions observed in a
previous study of the same formation (Hillhouse et al., 1982) and those
observed in Late Jurassic and Early Cretaceous plutons of the Wallowa
batholith (Wilson and Cox, 1980). The samples from this group have
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TABLE 3. Paleomagnetic locality means and statistics for this study and previous studies.
Locality/Study
Im naha River
(this study)

Slate Creek
(this study)

Im naha River, Hells
Canyon
(Hillhouse et al., 1982)

late J-early K Plutons
(Wilson and Cox,
1980)

Directional
Group

Declination,
Inclination

Statistics
a

Number
of sites

conf. circle

Kappa

Group 1
(Triassic)

297,21 (NTC)
307,23 (TC)

3
3

15.6°
15.6°

42 .
42

Group 2
(Cretaceous)
Group 1
(Triassic?)
Group 2
(Cretaceous)

31, 68 (NTC)
31,47 (TC)
320,-45 (NTC)
302, -13 (TC)
33, 65 (NTC)
51,19 (TC)

8
8
1
1
8
8

6.5°
23.3°
NA
NA
8.8°
9.1°

65
4.7
NA
NA
35
33

Triassic
direction

272,62 (NTC)
319,34 (TC)

6
6

13°
13°

6
28

Cretaceous
direction

37,72 (NTC)
45, 72 (TC)

17
17

4.5°
15.4°

965
6

Cretaceous
direction

31,63 (NTC)
30,62 (TC)

9
9

6°
5°

69
92

Directional group ages are inferred; positive inclinations are lower hemisphere; NTC= no tilt correction, TC= tilt corrected.

one major component. Occasionally, there is also an extremely lowfield component present, interpreted to be a viscous remanent
magnetization (VRM) from the present day field. Also in support of
this conclusion, MDF and blocking tem perature curves suggest less
stable magnetism than that seen in group 1 sites. Finally, site 3 samples
(in Group 1) as well as isolated individual samples exhibit a secondary,
low-AF field vector component which is consistent with group 2 site
mean direction. It is possible that the thermal overprint completely
overprinted prim ary m agnetization only in some of the sites.
At the Slate Creek locality, the single site with Group 1 direction
does not allow calculation of a group mean. Despite an anomalous
shallow negative inclination, the northeasterly declination is within a
few degrees of the Triassic direction observed by Hillhouse et al. (1982).
With poor structural control, it is certainly possible that this site's
ChRM represents a TRM acquired during Triassic formation of the
strata.
The Group 2 directions at Slate Creek are interpreted here to be a
Cretaceous thermal overprint due to their direction and low MDFs.
The mean declination and inclination for this group is statistically
indistinguishable from Group 2 means from Locality 1 (this study) and
from Cretaceous overprint directions observed by previous workers
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(Hillhouse et al., 1982; Harbert et al., 1995) in Hells Canyon and the
Im naha River drainage.

Structural results
Foliation data collected along the SRSZ from Riggins to Slate
Creek show two major trends: a NE-SW trending set dipping shallowly
to moderately southward, and NW-SE trending set dipping shallowly
to the north. These data were collected from mylonites of the Seven
Devils Group and marble of the Martin Bridge formation along Slate
Creek (fig. 18), Martin Bridge limestone and Lucile slate formation
outcrops along the Salmon River (fig. 19), and Seven Devils Group
outcrops along the Seven Devils road southwest of Riggins, Idaho (fig.
20). Foliations were caused by preferred mineral orientation (largely
mica and calcite) and were readily apparent in the outcrop. Foliations
appear to generally trend sub-parallel with the locally-variable suture
zone orientation.
The intersection of the two sets of foliation orientations (figs. 1820) describes the orientation of several macroscopic fold axes. The axes
lie roughly due east and are shallowly east-plunging, matching
lineation and mesoscopic fold axis orientations m easured near Slate
Creek. This set of east-west fold axes appears to have a longer southdipping limb and shorter north-dipping limb, based on outcrop
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Equal Area

Equal Area

Figure 19. Foliation data, Martin Bridge
limestone and Lucile slate
formations, Salmon River

Figure 18. Foliation data. Slate
Creek road and Blackhawk
Bar
N
Equal Area

Figure 20. Foliation data. Seven Devils
Group, Seven Devils M ountains
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occurrence, which suggests north-vergence. The fold train is prevalent
along much of the Salmon River Suture Zone, from south of Riggins
to Slate Creek. In addition, the gently fanned foliation data measured
in the Seven Devils mountains reflect a macroscopic fold nose w ith a
similar trend and plunge (fig. 20). Figure 21 illustrates a plot of poles to
all foliation data collected along the SRSZ with best-fit great circle and
pole to plane. This consistently easterly set of fold axes is especially
conspicuous because it is oriented at a significant angle (roughly 45°) to
the local trend of the suture zone (which runs NNE-SSW, based on
normal fault traces, lithologie contacts, and strontium isopleths).
These data do not coincide w ith the predominantly west-verging
mesoscopic fold sets with northeast-southwest trending fold axes
described by Lund (1984,1995) in the Slate Creek area. She describes up
to four deformation events in the rocks of higher metamorphic grade
closest to the suture, thus the macroscopic east-trending fold axes I
found in low grade rocks near the Salmon River were obscured to the
east by later re-folding events. Because folds with east-west oriented
axes could not result from east- or northeast directed compression due
to subduction, they imply a separate driving force.
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Equal Area

(93, 23)

(183, 67)

Figure 21. Poles to foliation at suture zone structural localities,
with best-fit great circle and pole to plane.
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DISCUSSION
Evidence for shear
Results from this study shed light on the question of postaccretionary rotation of the Wallowa terrane and on the role of the
Salmon River suture zone. While previous estimates of terrane
rotation (Wilson and Cox, 1980; Hillhouse et al., 1982) are strengthened,
the paleomagnetic and structural data from this project do not support
theories of dextral shear (Lund, 1984; Lund and Snee, 1988) at the
suture or the traditional rotation coupled with translation associated
with ball-bearing style tectonics (Beck, 1976, 1980).
Initially, the paleomagnetic data appeared to weigh against my
hypothesis that magnetic vectors would record deformation near the
suture. The means for Cretaceous overprint directions at the Imnaha
and the Slate Creek localities (figs. 12 and 17) are statistically
indistinguishable. There are several possible reasons for this result.
First, it is possible that no lateral m otion occurred along the suture
zone. This seems unlikely, given the oblique convergence and terrane
rotation operating during the Cretaceous and given the extended time
involved in suturing (130-90 Ma) based on cooling histories (Snee et al.,
1995). Second, it is also possible that strain due to transcurrent motion
was not recorded in rocks only 16 km away from the suture itself (along
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the Salmon River). This also seems improbable, given the greenschist
facies m etam orphism and obvious m ylonitization which are evident
(Hamilton, 1963; Lund, 1984, 1995; Snee et al., 1995). Finally, it is
possible that subsequent vertical motion on the suture zone, evidenced
by lineations and cooling histories (Lund, 1988; Snee et al., 1995), has
entirely erased the strike-slip strain history of the outcrops at the
mineral scale.
While the locality means are coincident, another aspect of the
paleomagnetic data provides reason to believe that strain from
transpressive strike-slip motion is indeed recorded by the rocks'
magnetic signature. In contrast to the normally-distributed Imnaha
River site means, the Slate Creek means are strongly streaked (fig. 22).
The Slate Creek site mean directions appear to be fanned out parallel to
the mean strike of foliation at the locality, though they dip 30° steeper
(fig. 22). They are fairly evenly distributed across an approximately 80°
arc with no obvious outliers, both w ith and w ithout tilt corrections.
When the pole to mean foliation is rotated (with paleomagnetic data)
to stereographic north, the site means lie along a small circle (the 61°
north latitude) (fig. 23). Thus, the streaked magnetic directions appear
to contain a component parallel to the strike of foliation. This
distribution suggests that the paleomagnetic data were dispersed due to
shear on the foliation plane.
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N
Equal Area
(313, 35)

(33, 65) I l

(224, 54)

Figure 22. Paleomagnetic site means (small circles) and mean
strike of foliation (great circle) at Slate Creek Locality.
Square denotes locality mean; large circle denotes pole to
m ean foliation.
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N

Equal Area

Figure 23. Paleomagnetic site means for Slate Creek
Locality rotated such that pole to mean foliation
(large circle) is at stereographic north. 61° north
latitude small circle is draw n in.

51

Parallel strikes for the foliation and paleomagnetic data plane
could create some suspicion that the magnetic signature is simply a
reflection of the foliation plane. Some AMS studies (e.g. Ruf et al.,
1988) have shown that while maximum susceptibility axes are often
within the plane of foliation, they occasionally have no preferred
orientation w ithin that plane. However, two observations indicate
that the magnetic vectors have not simply rotated into the plane of
foliation. First, there is a significant difference between foliation plane
dip and magnetic inclination, and the magnetic vector inclination are
not streaked toward lineation plunges in the plane of foliation.
Second, the m ean of all Slate Creek Group 2 sites matches the Imnaha
River Locality mean and the expected (rotated) Cretaceous overprint
direction of Hillhouse et al. (1982) and Harbert et al. (1995). These
factors decrease the possibility that the pattern of site means reflects a
remagnetization of plane-preferred AMS caused by foliation-parallel
m ineral alignment.
The non-Fisher (1953) distribution of the site directions does
suggest the influence of some post-deformation acquisition, and the
coincidence of the foliation strike is intriguing. One explanation is that
the magnetic vectors were "smeared" after acquisition by systematic
rotation of magnetic minerals due to shear on the foliation plane.
Strike-slip motion along the suture would have paralleled the strike of
52

the foliation. Thus, the streaked site means probably reflect
transcurrent motion of the terrane against the craton after suturing.
Yet, because the Slate Creek Group 2 mean direction is coincident with
the Imnaha River mean (and the established Cretaceous overprint), no
directional inference for the transcurrent motion is possible based on
the paleomagnetic data.
Evidence that the strike-slip motion on the suture was leftlateral is provided by the structural data. The regional east-plunging
folds with east-west fold axes found in the Slate Creek area are at a
significant angle (approximately 45°) to the NNE-SSW oriented suture
zone in the same area. If the terrane was experiencing left-lateral
strike-slip movement, especially while subducting ocean plate
provided eastward compression, characteristic en echelon drag folds
with east-west axes (Ramsay, 1967) would develop at the boundary. I
propose that the folds of foliation which are described in this study are
examples of this phenomenon (fig. 24). Further evidence of this strain
appears in detailed mapping and descriptions of the Slate Creek area by
Hamilton (1963) and Lund (1984, 1995). These sources show that
several major thrust faults (such as the Rapid River thrust) are not sub
parallel to the suture trace, but rather have significant east-west
lengths. This suggests that transcurrent strain was severe enough that
ductile folding was replaced by brittle failure in some areas.
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Macroscopic fold axes'
orientation
Slate Creek
Lucile
Riggins

Figure 24a. Orientation of macroscopic fold axes observed in this study
relative to the trace of the suture zone (based on isotope isopleth
and lithologie contacts in Lund, 1995) in the Slate Creek area.

North
American
Plate

Wallowa
Terrane

Figure 24b. Expected orientation of en echelon drag fold axes and reverse faults
which would develop in response to left-lateral shear along
the suture in the Slate Creek area (Ramsay, 1967).
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CONCLUSIONS

While several workers have proposed right-lateral transcurrent
motion on the SRSZ (Lund, 1984; Lund and Snee, 1985; Snee et al.,
1995; Lund, 1995), the premise is founded on assumptions of tectonic
models (based on relative plate motions) (Beck, 1976) and evidence of
movement on other fault systems in the Cordillera (Price and
Carmichael, 1986) rather than strain evidence from the suture zone
itself. The general ball-bearing model, which is often applied to the
suturing Wallowa terrane, can support both right-lateral and leftlateral strike-slip m otion on the Salmon River Suture Zone,
depending upon w hether the terrane undergoes significant northward
translation.
Paleomagnetic results from this study suggest that strain from
transcurrent movement was recorded by terrane rocks near the SRSZ.
While the magnetic signature does not reveal a shear sense, it is
valuable as an indication that some of the terrane's 65° of clockwise
rotation occurred after the Salmon River suture zone had been
established. Results from macroscopic fold data parallel to the SRSZ
indicate that the sense of slip was indeed sinistral rather than dextral.
These data complement petrofabric studies of strained volcanic breccias
near the suture (Aliberti and Wernicke, 1986) and Cretaceous clockwise
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rotation of the terrane (Wilson and Cox, 1980; Hillhouse et al., 1982). In
addition, the data suggest that the terrane did not undergo significant
northw ard translation after accretion to the craton.
Other Cordilleran terranes in western Oregon and Washington
and the Sierra Nevada Range indicate northw ard translation by
flattened paleomagnetic inclinations (Beck, 1976). However, my results
(Inc=65°; 0 9 5 = 8

.8 °)

as well as those of previous workers (Wilson and

Cox, 1980; Hillhouse et al., 1982) show that the Wallowa terrane does
not have an anomalously low Cretaceous paleomagnetic inclination
(Irving [1979] cites Inc=69°; 095= 13 ° as an average for North America for
150-130 Ma). Thus, the Wallowa terrane experienced significant
rotation w ithout much translation. Therefore, this terrane provides an
unusual example of ball-bearing style rotation among accreted terranes
in the N orth American Cordillera.
Most likely the terrane's initial docking position, nestled within
the miogeoclinal embayment (fig. 1), precluded the northward motion
observed in most other terranes in the Cordillera. The extremely short
radius of curvature seen at the northern comer of the strontium
isopleth embayment today could be the result of Tertiary Basin and
Range-style extension, but some, probably significant, margin
em bayment m ust have existed in the late Cretaceous also. I believe
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that the northern east-west oriented limb of this niche could have
prohibited northw ard translation of the Wallowa terrane.
Results from this study imply that accretionary tectonics for
exotic terranes can be significantly affected by the pre-existing cratonic
margin geometry. A specific example of this idea is the problem of the
Wrangellia super-terrane. Because of marked similarities in
stratigraphy and paleomagnetic signatures, the Wallowa terrane has
been linked by some workers (Jones et al., 1978; Hillhouse et al., 1982) to
the Wrangellia terrane of Vancouver Island, B.C. and south-central
Alaska. If the portion of the Wrangellia super-terrane equivalent to
the Wallowa terrane became lodged in the Cretaceous margin
embayment early in the suturing process, more outboard portions
could shear off and translate northward. This model could explain
why the Wallowa terrane is so distant from genetically-related terrane
fragments.
Finally, as the first paleomagnetic study conducted in the suture
zone of the Blue Mountains superterrane, my research reveals that
viable paleomagnetic results do reside in suture zones, and documents
the m erit of paleomagnetism as an indicator of strain.
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Future Work

As in the case of most projects of even modest scope, a more
robust data set would enhance the statistics (and, supposedly, the
plausibility) of the results and conclusions. Strengthening the points
made in this thesis would entail drilling and analyzing more cores
from Localities 1 and 2, and the collection of more fold data along the
Salmon River. A study of lineations in the plane of foliation could
provide estimates of early transform motion if such data has not been
entirely overprinted by late-stage, near-vertical motion in the suture
plane.
In addition, testing the degree of anisotropy of magnetic
susceptibility (AMS) of the sampled rocks could display potential
relationships to the streaked paleomagnetic site directions at Slate
Creek. Petrologic studies of thin sections from Locality 2 would be
useful for determining whether mineral assemblages were altered, the
abundance of secondary ferromagnetic minerals, and the shape
distribution of magnetite crystals.
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Appendix A
Paleomagnetic data for all samples in the Imnaha and Slate
Creek Localities. Declinations in degrees, adjusted for local magnetic
pole declination; inclination in degrees (positive down).
Sample notation:
•First digit = locality number
(1 for Imnaha, 3 for Slate Creek)
•Second digit = site number (1-15)
•T hird/F ourth digits = sample num ber (1-6)
•Letter = specimen (A or B)
•V1,V2 = primary or secondary principle
com ponent vector

TC = tilt corrected
NTC = no tilt correction
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Im naha River p ale o m ag n e tic d a ta
(L ocality 1 )
SAMPLE
1llA
11 2A
11 3A
11 4 A
115A
116A

TC Dec
3 1 2 .2
3 0 3 .2
2 8 9 .9
2 9 1 .2

TC Inc
1 4 .2
2 2 .4
2 1 .2
2 3 .9
1 7 .8
2 3 .2

NTC Dec
3 0 5 .3
2 9 3 .4

120

p o o r d em ag.

1 3 1 A VI
1 3 1 A V2
132A
13 3 A VI
13 3 A V2
13 4 A VI
13 4 A V2
135A
136A

3 5 .2
1 2 4 .7
4 3 .8
3 0 .3
1 1 6 .4
4 6 .9
1 0 9 .8
1 3 4 .6
1 2 9 .6

3 8 .7
-2 2 .4
3 5 .3
29
-1 6 .7
3 6 .7
-3 4 .4
-2 5 .6
-3 3 .4

3 3 .7
1 1 4 .7
4 8 .5
2 6 .8
1 1 0 .2
54
9 6 .4
1 2 1 .7
11 3

-19.1
61
5 4 .7
-1 0 .4
62.1
-2 3 .6
-26.1
-3 0 .8

141A
142A
14 3 A

3 6 .9
NRM
3 0 0 .5

4 0 .8

3 6 .7

6 6 .8

12.1

2 9 5 .9

8

15 1 A
152A
153A
154A
155A
156A

32
3 5 .4
41

4 1 .9
4 2 .3
3 9 .7
4 1 .5
40
4 0 .5

2 7 .2
3 3 .8
4 4 .4
3 0 .2
3 0 .8
24.1

6 7 .7
6 8 .3
6 5 .6
6 7 .4

16 1 A VI
16 1 A V2
16 2 A
163A
1 6 4 A VI
16 4 A V2

4 1 .7
4 .6
4 5 .2
49.1

3 9 .8
3 7 .4
3 9 .7
4 4 .3
3 9 .3
-3 5 .5

45
345
5 1 .4
61
2 0 .4
3 5 2 .2

6 5 .8
5 6 .8
6 5 .3
6 9 .3
6 4 .6
-1 9

3 0 1 .5
3 0 3 .9

3 3 .5
3 3 .7
3 0 .2

!

2 8 .3
3 4 1 .6
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2 8 2 .5
2 8 2 .5
2 9 4 .2
2 9 3 .7

NTC Inc
1 4 .9
1 8 .4
1 1 .8
1 4 .7
1 3 .6
19.5

6 4 .7

6 5 .9
66.1

Im naha River p a le o m ag n e tic d a ta
(L ocality 1 )
16 5 A
16 5 A

VI
V2

2 5 .2
3 3 0 .7

31
1 3 .5

1 8 .2
3 2 2 .7

56
22

1 71A
1 72A
173A VI
17 3 A V2
174A
1 75A VI
1 7 5 A V2
176A

NRM
2 7 .6
4 0 .4
9 .9
3 4 .8
3 9 .4
1 1 .2
1 3 .7

3 2 .6
4 5 .3
49
4 6 .6
4 2 .2
46
4 2 .5

2 1 .3
4 3 .3
3 3 9 .5
3 0 .6
4 0 .7
3 4 5 .8
3 5 3 .3

5 7 .9
7 1 .2
6 8 .8
7 2 .5
68.1
6 6 .7
6 4 .4

181A
182A
183A
184A
185A
186A

3 3 .2
4 1 .2
3 0 .5
3 7 .8
4 3 .2
3 5 .6

27.1
3 1 .7
3 2 .7
3 1 .5
3 0 .2
32.1

2 6 .8
4 4 .4
18
36
4 8 .6
3 0 .6

6 4 .7
6 9 .7
6 9 .7
6 9 .5
68
6 9 .9

191A
192A
193A
194A
195A
196A

5 9 .8
5 1 .6
5 1 .8
5 7 .9
5 0 .3
5 1 .6

3 2 4 .8
3.1
3 5 6 .8
3 2 8 .8
9.1
3 5 3 .7

4 9 .9
67

1
j
!

1 0 .9
55
4 7 .2
1 4 .2
5 8 .5
4 2 .3

1100

! p o o r dem ag.
4 0 .7

6 8 .6
6 5 .5
6 3 .9
6 7 .8
66.1
6 4 .6

,

63
5 0 .2
6 8 .2
6 0 .3

1

1111A
1112A
1113A
1114A
1115A
1116A

1
!
'

3 8 .9
3 6 .5
4 1 .4
3 6 .8

4 2 .6
3 9 .5
38
4 1 .8
4 0 .2
3 8 .6

4 0 .6
3 7 .8

36
4 4 .8
3 6 .7
4 3 .8
3 8 .4

1

1120

1 p o o r dem ag.
:

i
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Im naha River p a le o m ag n e tic d a ta
(L ocality 1 )
1130
1141A
1142A
1143A
1144A

p o o r d em ag . ;

1

2 6 0 .4
2 5 4 .2
2 6 3 .5
2 6 1 .1

!

22
2 0 .9
17.1

1

1 8 .9

62

3 5 .7
5 2 .8
1 5 .9
2 6 .5

7 2 .8
7 6 .5
74
7 4 .7

Equal Area

1 1 0 s e r i e s TC
site mean:

3 0 0 , 21

N = 6 ; k= 7 2 ; a g =57.3
Equal Area

130 series V2 TC
site mean:

1 1 1

, -22

N=5; k= 39.6; ag =^11.0
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Equal Area

1 5 0 s e r i e s NTC
site mean:32, 67
N=6 ; k= 638; « 95= 2.4
Equal Area

160 series NTC
site mean; 37, 65
N=5; k= 57.5; « 9 5 = 9.1

64

Equal Area

1 7 0 s e r i e s NTC
site mean: 33, 6 8
N=4; k= 80.5; 0 9 5 = 8.9
Equal Area

180 series NTC
site mean: 34, 69
N=6 ; k= 265; 0 9 5 = 3.8
65

Equal Area

1 9 0 s e r i e s NTC
site mean: 346, 61
N=6 ; k= 36.6; « 95=
E qual A rea

1110 series NTC
site mean: 40, 66
N=6; k= 941 ; a = 2.0

66

1 0 .2

Equal Area

1 1 2 0 s e r i e s NTC
site mean: 58, 64
N=4; k= 84.7; 0 9 5 =8 .7
Equal Area

1130 series TO
site mean: 344, -2
N=6 ; k= 44; 0 9 5 = 9.3
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Equal Area

1 1 4 0 s e r i e s NTC
site mean: 32, 75
N=4; k= 266.7; « 95= 4.9
Equal Area

1150 series TO
site mean: 319, 20
N=6; k= 28.8; « 9 5 = 11.6
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S late C reek P a leo m a g n etic D ata
(L ocality 2 )
SAMPLE
3 2 5 A V2
3 2 5 A VI
3 2 6 A V2
3 2 6 A VI
327 A

TC Dec

331
332
333
333
334
334
335
335
336

NLD
NLD

A
A
A V2
A VI
A V2
A VI
A V2
A VI
A

341 A
342 A
343 A
344 A
345 A
346 A
346 B
34 7 B
351
352
353
354

A
A
A
A

361
362
363
364
364

A
A
A
A
B

365 A

TC Inc
291
5 0 .6
3 0 5 .5
5 8 .8
3 0 8 .4

-2 3 .7

3 0 4 .1
1 3 .5
5 0 .8
3 8 .8
50
3 1 .5
NRM only

2 4 .9
-6 1 .6
3
3 4 .3
-5 .4

3 2 .6
-7 .3
4 2 .2
-8.1

NO TC D ec
I NO TC Inc
3 17.1
-5 9 .4
9 .8
6 0 .5
-3 8
3 1 9 .8
3 5 6 .9
7 0 .9
-3 7
3 2 3 .3

1 5 .8

2 8 9 .3
3 0 .7
54.1
353
5 1 .6
13 .3

6 .9
-1 4
5 3 .7
8 2 .6
4 5 .4
6 3 .6

1 9 .9

3 9 .7

3 2 2 .8

6 7 .3

4 4 .3

2 6 .2

3 4 .2

7 0 .7

2 3 2 .2

-3 6

219

-7 5 ,4

3 8 .5
4 8 .8

1 3 .4
2 3 .5

2 3 .2
3 3 .3

5 3 .5
6 6 .6

NLD
NRM
NRM
NRM
NRM
NRM
NRM
NRM

NRM
NRM
NRM
NRM
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S late C reek P a leo m a g n etic D ata
(L ocality 2 )
366 A
371 A
372 A
373A
374 A

NRM

A
B
A
A
A
A
A

391
392
392
393
394
395
396
396

A
A
B ??
A
A
A
A
B

31 0 1 A
3101 B
3102A
3103 A
3103 B
3104 A
3104 B
3105 A
3105 B
3106 A
3111 A

20.1
22.1
2 0 .8

56
3 2 .6
3 1 .2

6 9 .9
6 9 .2
6 7 .5

2 5 4 .6

9 .9

256

-3 9 .7

25
3 7 .7

2 5 .3
2 7 .2

3 4 6 .9
3 5 5 .9

52.1
6 2 .7

2 4 3 .9

8 .8

2 4 2 .9

-4 1 .2

6 6 .6
6 6 .7
5 0 .6

1 1 .3
8 .9
5 3 .5

6 8 .3
6 8 .2
281

6 1 .3
5 8 .8
7 2 .5

6 3 .2
6 2 .6
58.1
5 3 .5

1 1 .2
1 5 .5
7 .5
1 5 .7

6 1 .4
5 9 .4
5 2 .4
3 9 .3

6 1 .2
6 5 .4
5 6 .9
6 3 .7

3 2 5 .7

3 0 .8

3 0 5 .4

1 2 .9

3 5 5 .2
1 8 .4
5 2 .8
3 9 .3
4 2 .6

15.1
2 3 .9
1 5 .7
1 6 .2
1 7 .5

3 3 5 .9
343
3 7 .9
1 4 .4
1 7 .8

25
4 7 .9
6 3 .5
5 7 .4
6 0 .4

67

1 4 .7

6 9 .5

6 4 .7

NRM

375 A
381
381
382
383
384
385
386

63
5 4 .5
53.1

NRM

NRM

NRM
NRM
NLD
NLD
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S late Creek P a leo m ag n etic D ata
(L ocality 2)

3111
3112
3113
3113
3114
3114
3115
3115
3116
3116

B
A
A
B
A
B
A
B
A
B

3121
3122
3122
3123
3123
3124
3124
3125
3125
3126
3126

A
A
B
A
B
A
B
A
B
A
B

3131 A
3131 A
3131 B
3131 B
3132 A
3132B
3133 A
3134 A
3134B
3134B
3135 A
3135 B
3136 A
3136 B

14.4
9.8
10
20.2
14.7
16.6
15.3
12.4

64.8
53.3
62.3
65.2
63.9
58.81
50.51
51.6

i

64.51
42.8
59.7
65.5
62.6
50.3
33.8
38

64.4
58
59.9
70.2
64.7
66
62.3
60

283.7

-9.1

251.2
217.7
222.1 1
72.9
65.9
70.2
69.9
64.8
65.9
70
69.6

-58.6
-64.2
-64.2
19.5
18.7
16.9
20.9
17.4
14.6
17.8
18.9

51.61
93.81
90.61
82.1
66.8
75.6
76.2
64.6
66.7
75.3
74.7

-75.9
-65.6
-66.9
63.7
63.7
61.6
65.6
62.4
59.5
62.5
63.6

V2
VI ,
V2 ;
VI
1
jNLD

21.2
24.3
19.8
47.7
45.1

27.6
25.4
27.2
32
27.3

346.6
14.7
345.71
13.11
16.41

51.3
66.5
50
71.3
66.2

i

44.4
51
56.6
44.7
48.4
46.8
31.6
41.3

26.5
20
19.4
30.4
11.8
15.8
26.4
24

16.3
35.6
47
10.5
36.7
31.5
358.5
14.61

65.3
62.4
63.5
68.4
53.9
57
57.5
61.5

V2
VI

1
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303.8

-43.7

S late C reek P aleo m ag n etic D ata
(L ocality 2 )

3141
3142
3143
3144
3144
3145

A
A
A
A
B
A

NRM
NRM
NRM
NRM

3151
3152
3152
3153
3153
3154
3154
3155
3156
3156

A
A
B
A
B
A
B
A
A
B

NRM

1
1

4 3 .6

2 4 .4

2 7 .5

6 1 .4

2 6 0 .6
43
2 4 5 .6
47
2 4 1 .6

-3 7 .8
24
-5 .3
4 6 .8
-6 .3

2 9 8 .2 i
26.81
247.91
3 4 5 .5 i
242.31

-7 0 .9
6 0 .8
-4 5
8 0 .8
-4 6 .3

3 1 6 .8

- 2 7 .2

3391

-2 8 .7

NRM

NLD
NLD
NRM

72

Equal Area

3 2 0 s e r i e s TC
site mean: 302, -13;
n=3; k=26; a95=20
Equal Area

360 Series NTC
site mean: 27, 61
n=2;k=34; a95=31

73

Equal Area

3 7 0 S e r ie s NTC
site mean; 54,63
n=4; k=16; a95=21
(w/ upper hem. point rotated)
Equal Area

3 8 0 S e r ie s NTC
site mean: 20,58
n=3;k=6; a95=45
(w/ upper hem. point rotated)
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Equal Area

3 9 0 S e r ie s NTC
site mean: 58, 62;
n=6;k=152; a95=5
Equal Area

3 1 0 0 S e r ie s NTC
site mean: 347, 49
n=6; k=6; a95=27
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Equal Area

3 1 1 0 S e r ie s NTC
site mean: 53, 64
n=9; k= 118; a95=5
(w/ upper hem. point omitted)
Equal Area

3 1 2 0 S e r ie s NTC
site mean: 73, 63
n=8;k=554; a95=2
(w/ upper hem. points omitted)
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Equal Area

3 1 3 0 S e r ie s NTC
site mean; 15, 63
n=13;k=46; a95=6
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Appendix B
Structural data for Salmon River suture zone sampling areas
(spreadsheet) and stereographic projections of data from outboard
sampling localities (Hells Canyon, Eagle Creek [Wallowa Mountains],
and Hurricane Creek [Eagle Cap Wilderness]).
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S tru c tu ra l d a ta
S to p
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Field L o c a tio n
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(s ite o f c o re local. 3)
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(N half o f o u tc ro p )
(S half, n e a r tu rn o u t)
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5
6

Cow Ck rd, 4 .5 mi from Lucik
Up S la te Ck ro ad (c lo sed )

2
3
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6 /4 /9 5
6 /4 /9 5
6 /4 /9 5
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6 /5 /9 5
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6 /6 /9 5
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foliation
lineation
foliation
foliation
foliation
foliation
foliation
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3 0 4 , 3 4 E*
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0 8 0 , 14 E*
0 4 2 , 55 SE*
0 5 2 , 4 5 SE*
0 2 5 , 19 SE*
0 8 6 , 3 5 SE
115, 3 0 SE
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LS
LS
LS
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LS
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LS
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foliation
foliation
foliation
foliation
foliation
foliation
foliation
foliation
foliation
foliation
foliation
bedding

329, 20 E
2 5 2 , 5 8 NW
2 4 8 , 61 NW
2 4 5 , 5 6 NW
2 4 2 , 4 2 NW
2 4 0 , 4 3 NW
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3 3 5 , 4 3 NE
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3 4 2 , 5 4 NE
3 2 9 , 32 NE

F o rm a tio n /R o c k ty p e
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Martin Bridge
Martin Bridge
Martin Bridge
Martin Bridge
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7-Devils fm
7-Devils
Martin Bridge
Martin Bridge
Martin Bridge
Martin Bridge
Martin Bridge
Martin Bridge
Martin Bridge
Martin Bridge
Martin Bridge
Martin Bridge
Martin Bridge

grp.
grp.
grp.
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S tru c tu ra l d a ta
S to p

Field L o c a tio n
n e a r c.g.
n e a r road closure

7
8
9

§

10
11
12

P itts b u rg Landing
" (K lopton Crk)
"
"
W -side P itt. L., in O regon
"
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13
14
15
16
17

N ear Pitt. L. c.g.
"
"
"

18

1 / 4 mi. S o f Kurry Ck.

E o f s to p 1 3 -1 6 tra v e rs e
"

D a te
6 /6 /9 5
6 /6 /9 5
6 /6 /9 5
6 /6 /9 5
6 /7 /9 5
6 /8 /9 5
6 /8 /9 5
6 /8 /9 5
6 /9 /9 5
6 /9 /9 5
6 /9 /9 5
6 /9 /9 5
6 /9 /9 5
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6 /1 1 /9 5
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?
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fold axis (FA)
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0 2 0 , 4 2 NE
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2 3 5 , 4 7 NW
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035, 9 E
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3 4 5 , 15 NNE
0 1 0 , 1 3 .5 NE
0 7 1 , 25 E
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Eagle Creek bedding planes
Equal Area

Hells Canyon bedding planes
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Equal A rea

Hells Canyon fold axes
Equal Area

Hurricane Creek foliation planes
85

REFERENCES
Aliberti, E.A. and Manduca, C.A., 1988, Field guide to a transect across
an island arc-continent boundary in west-central Idaho.
Precambrian and Mesozoic Plate Margins: Montana, Idaho, and
Wyoming, Montana: Bureau of Mines and Geology Special
Publication, v. 96, p. 181-190.
Aliberti, E.A. and Wernicke, B.P., 1986, Late-stage processes in the
growth of new continental crust: observations from the eastern
m argin of the Seven Devils terrane, western Idaho: Geological
Society of America, Abstracts with Programs, 99th Annual
Meeting, v. 18, no. 6,524.
Armstrong, R.L., W.H. Taubeneck, and P.O. Hales, 1977, Rb-Sr and KAr geochronometry of Mesozoic granitic rocks and their Sr
isotopic composition, Oregon, Washington, and Idaho:
Geological Society of America Bulletin, v. 88, p. 397-411.
Avé Lallemant, H.G., 1983, Pre-Tertiary tectonics of the Blue
Mountains region, NE Oregon: Geological Society of America,
Abstracts with Programs, v. 9, p. 383.

Avé Lallemant, H.G., W.J. Schmidt, and J.L. Kraft, 1985, Major late
Triassic strike-slip displacement in the Seven Devils terrane,
Oregon and Idaho: a result of left-oblique plate convergence?:
Tectonophysics, v. 119, p. 299-328.

86

Avé Lallemant, H.G., 1995, Pre-Cretaceous tectonic evolution of the
Blue Mountains province, northeast Oregon: United States
Geological Survey Prof. Paper, v. 1438, p. 271-304.

Bankey, V., Webring, M., Mabey, D.R., and Kleinkopf, D., 1984,
Complete Bouguer anomaly m ap of Idaho: Idaho Bureau of
Mines and Geology, scale 1:500,000.
Beck, M.E., Jr., 1976, Discordant paleomagnetic pole positions as
evidence of regional shear in the western Cordillera of North
America: American Journal of Science, v. 276, p. 694-712.
Beck, M.E., Jr., 1980, Paleomagnetic record of plate-margin tectonic
processes along the western edge of North America: Journal of
Geophys. Research, v. 85, p. 7115-7131.
Beck, M.E., Jr., 1983, On the mechanism of tectonic transport in zones
of oblique subduction: Tectonophysics, v. 93, p. 1-11.
Borradaile, G.J. and Mothersill, J.S., 1989, Tectonic strain and
paleomagnetism: experimental investigation: Phys. Earth and
Planet. Interiors, v. 56, p. 254-265.

Borradaile, G.J. and Mothersill, J.S., 1991, Experimental strain of
isothermal rem anent m agnetization in ductile sandstone: Phys.
Earth and Planet. Interiors, v. 65, p. 308-318.

87

Borradaile, GJ., 1993a, Strain and magnetic remanence: Journal of
Structural Geology, v. 15, p. 383-390.

Borradaile, G.J., 1993b, The rotation of magnetic grains: Tectonophysics,
V.

221, p . 381-384.

Brooks, H.C., and T.L. Vallier, 1978, "Mesozoic rocks and tectonic
evolution of eastern Oregon and western Idaho", in Mesozoic
Paleogeography of the Western United States, (Pacific Coast
Paleogeography Symposium 2), edited by D.G. Howell and K.A.
McDougall, pp.133-145. Society of Economic Paleontologists and
Mineralogists, Pacific Section, Los Angeles, CA.
Butler, R.F., 1992, Paleomagnetism: Magnetic domains to geologic
terranes: Boston Blackwell Scientific Publications.
Butler, R.F., Gehrels, G.E., McClelland, W.C., May, S.R., and Klepacki,
D., 1989, Discordant paleomagnetic poles from the Canadian
Coast Plutonic Complex: Regional tilt rather than large-scale
displacement?: Geology, v. 17, p. 691-694.

Cogne, J.P., and Perroud, H., 1985, Strain removal applied to
paleomagnetic directions in an orogenic belt: The Permian red
slates of the Alpes Maritimes, France: Earth and Planetary
Science Letters, v. 72, p. 125-140.

Coney, P.J., 1978, Mesozoic-Cenozoic Cordilleran plate tectonics:
Geological Society of America Memoirs, v. 152, p. 33-50.

88

Criss, R E./ and Fleck, R.J., 1987, Petrogenesis, geochronology, and
hydrothermal systems of the northern Idaho batholith and
adjacent areas, based on 18o/16o,D /H , 87sr/86sr, K-Ar, and
40Ar/39Ar studies; United States Geological Survey Prof. Paper,
V.

1436, p . 95-137.

Davis, G.A., Monger, J.W.H., and Burchfield, B.C., 1978, Mesozoic
construction of the Cordilleran 'collage', central British
Columbia to California, in Mesozoic Paleogeography of the
Western United States, (Pacific Coast Paleogeography
Symposium 2), edited by D.G. Howell and K.A. McDougall,
pp.133-145. Society of Economic Paleontologists and
Mineralogists, Pacific Section, Los Angeles, CA, p. 1-31.
Debiche, M.G., Cox, A., and Engebretson, D., 1987, The motion of
allochthonous terranes across the Pacific Basin: Geological
Society of America Special Paper, v. 207, 49 p.
Dickinson, W.R., 1979, Mesozoic forearc basin in central Oregon:
Geology, v. 7, p. 166-170.

Dickinson, W.R., and Thayer, T.P., 1978, Paleogeographic and
paleotectonic implications of Mesozoic stratigraphy and
structure in the John Day Inlier of central Oregon, in Mesozoic
Paleogeography of the Western United States, Pacific Coast
Paleogeography Symposium 2, edited by D.G. Howell and K.A.
McDougall, pp. 147-161, Society of Economic Paleontologists and
Mineralogists, Pacific Section, Los Angeles, CA.

89

Engebretson, D.C., Debiche, M., and Cox, A., 1984, Plate motions,
paleomagnetism, and terrane displacement histories: in Howell,
D.G., Jones, D.L., and Cox, A., eds.. Proceedings of the CircumPacific Terrane Conference: Publications in the Geological
Sciences, v.lS, Stanford, Stanford University Press.
Engebretson, D.C., Cox, A., and Gordon, R.G., 1985, Relative motions
between oceanic and continental plates in the Pacific basin:
Geological Society of America Special Paper, v. 206, 59 p.
Fisher, R.A., 1953, Dispersion on a sphere: Proceedings of the Royal
Society of London, v. A217, p. 295-305.
Fitch, T.J., 1972, Plate convergence, transcurrent faults, and internal
deformation adjacent to Southeast Asia and the Western Pacific:
Journal of Geophys. Research, v. 77, p. 4432-4461.
Fleck, R.J., and Criss, R.E., 1985, Strontium and oxygen isotopic
variations in Mesozoic and Tertiary plutons of central Idaho:
Contributions to Mineralogy and Petrology, v. 90, p. 291-308.
Fleck, R.J., and Criss, R.E., 1988, Location, age, and tectonic significance
of the Western Idaho Suture Zone (WISZ) and its relation to the
Idaho batholith: Geological Society of America Abstracts with
Programs, v. 20, p. 6, 414.

Goldstein, A.G., and Brown, L.L., 1988, Magnetic susceptibility
anisotropy of mylonites from the Brevard Zone, North Carolina,
USA: Physics of the Earth and Planet. Interiors, v. 51, p. 290-300.
90

Hamilton, W.B., 1963, Metamorphism in the Riggins region, western
Idaho: United States Geological Survey Prof. Paper, v. 436, 95 p.

Hamilton, W.B., 1978, Mesozoic tectonics of the western United States,
in Mesozoic Paleogeography of the Western United States
(Pacific Coast Paleogeography Symposium 2), edited by D.G.
Howell and K.A. McDougall, pp. 147-161, Society of Economic
Paleontologists and Mineralogists, Pacific Section, Los Angeles,
CA.
Harbert, W., Hillhouse, J., and Vallier, T.L., 1995, Paleomagnetism of
the Permian Wallowa terrane: Implications for terrane
migration and orogeny: Journal of Geophys. Research, v. 100,
p. 12,573-12,588.
Hillhouse, J.W., Grommé, C.S., and Vallier, T.L., 1982, Paleomagnetism
and Mesozoic tectonics of the Seven Devils volcanic arc in
northeastern Oregon: Journal of Geophys. Research, v. 87,
p. 3777-3794.
Hirt, A.M., Lowrie, W. and Pfiffner, O.A., 1986, A paleomagnetic study
of tectonically deformed redbeds of the Lower Glarus Nappe
Complex, Eastern Switzerland: Tectonics, v. 5, p. 723-731.

Housen, B.A., van der Pluijm, B.A., and van der Voo, R., 1993,
M agnetite dissolution and neocrystallization during cleavage
formation: paleomagnetic study of the Martinsburg Formation,

91

Lehigh Gap, Pennsylvania: Journal of Geophys. Research, v. 98,
p. 13,799-13,813.

Hrouda, P., and M. Potfaj, 1993, Deformation of sediments in the postorogenic Intra-Carpathian Paleogene Basin as indicated by
magnetic anisotropy: Tectonophysics, v. 224, p. 425-434.
Hyndman, D.W., and Talbot, J.L., 1976, The Idaho batholith and related
subduction complex, in Field Guide 4: Washington State
University, p. 15.
Irving, E., 1979, Paleopoles and paleolatitudes of North America and
speculations about displaced terranes: Canadian Journal of Earth
Science, v. 16, p. 669-694.

Jones, D.L., Silberling, N.J., and Hillhouse, J.W., 1978, Microplate
tectonics of Alaska - Significance for the Pacific coast of North
America, in Mesozoic Paleogeography of the Western United
States (Pacific Coast Paleogeography Symposium 2), edited by
D.G. Howell and K.A. McDougall, pp. 147-161, Society of
Economic Paleontologists and Mineralogists, Pacific Section, Los
Angeles, CA.

Kligfield, R., Owens, W.H., and Lowrie, W., 1981, Magnetic
susceptibility anisotropy, strain, and progressive deformation in
Permian sediments from the Maritime Alps: Earth and Planet.
Science Letters, v. 55, p. 181-189.

92

Kodama, K.P. and A.G. Goldstein, 1991, Experimental simple shear
deformation of magnetic remanence: Earth and Planetary
Science Letters, v. 104, p. 80-88.

Li, Z.X., and C. McA. Powell, 1993, Magnetic fabric in Mid-Cambrian
rocks of the Central Flinders Zone and Implications for the
regional tectonic history: Tectonophysics, v. 223, p. 165-176.
Lund, K., 1984, The continent-island arc juncture in west-central Idaho:
A missing link in Cordilleran tectonics: Geological Society of
America Abstracts with Programs, v. 16, p. 580.
Lund K., and L.W. Snee, 1985, Style and timing of suture-related
deformation in island arc rocks of western Idaho. Geological
Society of America Abstracts with Programs, v. 17, p. 367.
Lund, K., and L.W. Snee, 1988, Metamorphism, structural
development and age of the continent-island juncture, westcentral Idaho, in M etamorphism and crustal evolution of the
Western United States, Rubey vol. VII, edited by W.G. Ernst,
Prentice-Hall.

Lund, K., 1995, Metamorphic and structural development of island-arc
rocks in the Slate Creek-John Day Creek area, west-central
Idaho: United States Geological Survey Prof. Paper, v. 1438,
p. 517- 540.

McCafferty, A.E., 1992, Aeromagnetic maps and terrace magnetization
m ap centered on the Idaho batholith and Challis volcanic field
93

northwestern United States: United States Geological Survey
Geophysical Investigations Map GP-994, 2 sheets, scale
1:1,000,000.

Mohl, G.B., and Thiessen, R.L., 1985, Subsurface structure in
southeastern Washington as defined by Bouguer gravity
m easurements (abs.): Geological Society of America Abstracts
with Programs, v. 17, p. 370.
Monger, J.W.H., and Price, R.A., 1979, Geodynamic evolution of the
Canadian Cordillera-Progress and problems: Canadian Journal of
Earth Science, v. 16, p. 770-791.
Oldow, J.S., H.G. Avé Lallemant, and W.J. Schmidt, 1984, Kinematics of
plate convergence deduced from Mesozoic structures in the
western Cordillera: Tectonics, v. 3, p. 201-227.
Onasch, C.M., 1977, Structural evolution of the western margin of the
Idaho batholith in the Riggins, Idaho area: Ph.D. dissertation,
Pennsylvania State University, 196 p.

Price, R.A., and Carmichael, D M., 1986, Geometric test for Late
Cretaceous-Paleogene intracontinental transform faulting in the
Canadian Cordillera: Geology, v. 14, p. 468-471.

Prostka, H.J., and R.L. Bateman, 1962, Geology of the Sparta
Quadrangle. Geological Map Ser. GMS-1, Scale 1:62,500, State of
Oregon Department of Geology and Mineral Industry, Portland,
OR.
94

Ramsay, J.G., 1967, Folding and Fracturing of Rocks: McGraw Hill,
New York.

Richter, C., 1993, Magnetic fabrics, crystallographic preferred
orientation, and strain of progressively metamorphosed pelites
in the Helvetic Zone of the Central Alps (Quartenshiefer
Form ation). Journal of Geophys. Research, v. 98, p. 9557-9570.
Ruf, A.S., S.J. Naruk, R.F. Butler, and G.J. Calderone, 1988, Strain and
magnetic fabric in the Santa Catalina and Pinaleno Mountains
metamorphic core complex mylonite zones, Arizona: Tectonics,
V.

7, no. 2, p. 235-248.

Selverstone, J., Wernicke, B.P., and Aliberti, E.A., 1992,
Intracontinental subduction and hinged unroofing along the
Salmon River suture zone, west central Idaho: Tectonics, v. 11,
p. 124-144.
Snee, L.W., K. Lund, and G. Davidson, 1987, Ages of metamorphism,
deformation, and cooling of juxtaposed oceanic and continental
rocks near Orofino, Idaho: Geological Society of America
Abstracts with Programs, v. 19, p. 335.

Snee, L.W., K. Lund, J.F. Sutter, D.E. Baker, and K.V. Evans, 1995, An
^Ar/^^Ar chronicle of the tectonic development of the Salmon
River suture zone, western Idaho: United States Geological
Survey Prof. Paper 1438, p. 359-414.

95

Stamatakos, J., and K.P. Kodama, 1991, Flexural flow folding and the
paleomagnetic fold test: an example of strain reorientation of
rem anence in the Mauch Chunk fm: Tectonics, v. 10, p. 807-819.

Strayer, L., D.W. Hyndman, J.W. Sears, and P.E. Myers, 1989, Direction
and shear sense during suturing of the Seven Devils-Wallowa
terrane against North America in western Idaho: Geology, v. 17,
p. 1025-1028.
Strayer, L., 1989, Direction and shear sense during suturing of the
Seven Devils/W allowa terrane against North America in
western Idaho: implications of large-scale, west-directed
thrusting along the Western Idaho Suture Zone: Master's thesis,
Univ. of Montana.

Sun, W., M. Jackson, and J.P. Craddock, 1993, Relationship between
remagnetization, magnetic fabric, and deformation in Paleozoic
carbonates: Tectonophy sics, v. 221, p. 361-366.

Sutter, J.F., L.W. Snee, and K. Lund, 1984, Metamorphic, plutonic, and
uplift history of a continental-island arc suture zone, westcentral Idaho: Geological Society of America Abstracts with
Programs, v. 16, p. 670-671.

Vallier, T.L., 1974, A preliminary report on the geology of part of the
Snake River Canyon, Oregon and Idaho. Oregon Department of
Geology and Mineral Industries Geologic Map Series GMS-6,
scale 1:125,000.

96

Vallier, T.L., 1977, The Permian and Triassic Seven Devils Group,
western Idaho and northeastern Oregon: United States
Geological Survey Bulletin 1437, p. 1-58.
Walker, N.W., 1986, U /P b geochronologic and petrologic studies in the
Blue Mountains terrane, northeastern Oregon and westernmostcentral Idaho - Implications for pre-Tertiary tectonic evolution:
University of California, Santa Barbara, 214 p.
Wells, R.E., and Heller, P.L., 1988, The relative contribution of
accretion, shear, and extension to Cenozoic tectonic rotation in
the Pacific Northwest: Geological Society of America Bulletin,
V.

100, p. 325-338.

Wernicke, B.P., and Klepacki, D.W., 1988, Escape hypothesis for the
Stikine block. Geology, v. 16, p. 461-464.
Wilson, D. and Cox, A., 1980, Paleomagnetic evidence for tectonic
rotation of Jurassic plutons in the Blue Mountains, eastern
Oregon: Journal of Geophys. Research, v. 85, p. 3681-3689.
Zietz, 1., Gilbert, P.P., and Kirby, J.R., 1978, Aeromagnetic map of Idaho,
United States Geological Survey Geophysical Investigations Map
GP-919, scale 1:500,000.

Zijderveld, J.D.A., 1967, A C. demagnetization of rocks: Analysis of results, in
Methods i n Collinson, D. W., Creer, K.M., and Runcom,S.K., eds.,
Paleomagnetics, Developments in Solid Earth Geophysics, v. 3: Elsevier,
p. 254-286.
97

